Flavins are very versatile coenzymes, functioning with considerable efficiency in a wide variety of enzymic reactions involving either two-electron or one-electron transfers, with both functions often catalysed by the same enzyme. They are responsible for catalysing the dehydrogenation of many different types of compounds, including dithiols, reduced nicotinamide nuclwtides, alcohols and a-hydroxy acids, amines and a-amino acids, and even saturated C -C bonds, provided that a suitable activating group such as a carbonyl residue is situated a/% to the bond to be oxidized. In the process of catalysing these dehydrogenation reactions, the flavin is itself reduced, and, in order to function catalytically, the oxidized form must be regenerated at the expense of reduction of some acceptor. The acceptor may be in some cases the oxidized form of the same type of compound that serves as reducing substrate, e.g. it might be a disulphide, an oxidized nicotinamide nucleotide or an unsaturated compound such as fumarate or crotonylCoA. In such a case the enzyme might conveniently be classified as a transhydrogenase and subclassified as a C-C, C-S, C-N or N-N transhydrogenase, depending on the nature of the atoms acting as hydrogen donor and hydrogen acceptor (Hemmerich & Massey, 1979) . In most cases, however, the acceptor molecule will be molecular 0, or another redox protein, such as an iron-sulphur protein or a cytochrome. In the latter cases the flavoprotein necessarily acts as a mediator between two-electron and one-electron transfers. Flavoproteins fill a unique spot in biochemistry with this capacity. An equal richness of possibilities exists in the reactions of different flavoproteins with molecular 0,. In some cases one-electron transfer is carried out, with superoxide (02-) and flavin semiquinone as the immediate products of the reaction. In other cases a direct two-electron reduction of 0, to H,O, appears to occur, and in another class of flavoproteins, the mono-oxygenases, one atom of the 0, molecule is incorporated into H 2 0 and the other is incorporated into another substrate of the enzyme, to form an oxygenated product.
Functional classification offlavoproteins
The types of reactivity described above have led us (Hemmerich & Massey, 1979 ) to a functional classification of simple flavoproteins, in which five major divisions may be recognized. (The complex metal-and haem-containing flavoproteins also fit into this classification, but are excluded from the present discussion.) C1a.w 1 (a): Carbon-carbon transhydrogenases. Enzymes this class catalyse two-electron transfer between carbon centres, such as between nicotinamide nuclwtides acting both as redox donors and acceptors or between nicotinamide nucleotide and acyl/enoyl-CoA.
Class I (b): Carbon-sulphur transhydrogenases. This class of enzymes catalyses two-electron transfer between nicotinamide nuclwtide and disulphiddithiol pairs. Typical examples are lipoyl dehydrogenase and gluthathione reductase.
Class I (c): Carbon-nitrogen transhydrogenases. Enzymes in this class catalyse redox transfer between CH-substrates and the so-called 'electron-transfer flavoproteins'.
Class 1 (d): Nitrogen-nitrogen transhydrogenases. This group would include those enzymes catalysing two-electron transfers between nitrogenous centres, which would appear the likely Dedicated to Professor Malcolm Dixon, F.R.S., on the occasion of his 80th birthday. function of the 'electron-transferring flavoproteins', which act to transfer redox equivalents between two other flavoproteins.
Chss 2: Dehydmgenasessloxidases. This class of enzyme combines the dehydrogenation of one substrate with the reduction of molecular 02, to generate H,O,. These are the classical 'oxidases'; our classification, although a little more cumbersome, has the advantage of reminding us that the substrate dehydrogenation is just as important as the oxygen reactivity. Class 3: Dehydrogenasessloxygenoses. This class differs from the previous one in the fate of the 0, substrate. Peroxide is not liberated, but instead all four oxidation equivalents of 0, are consumed, two for water formation and two for incorporation into another substrate of the enzyme (AH +AOH).
Class 4: Dehydmgenmeslelectron-tratq&erases. Enzymes of this class carry out a transformation of two-electron transfer into one-electron transfer; sometimes the reverse reaction is also carried out, e.g. in photosynthesis. All biological redox chains contain at least one such flavoprotein, since no redox transfer between the strictly twoclectron-reacting nicotinamide nucleotides and the strictly one-electron-reacting haem proteins and iron-sulphur proteins is carried out without the aid of flavoproteins. In such reactions it is evident that the flavin semiquinone has to be intimately involved.
Chss 5: Pure electron-tranflerases. This is the simplest class of flavoproteins, exemplified by the flavodoxins, where both the donor and acceptor reactions appear to involve one-electron transfers, and where the flavoproteins apparently function catalytically between the fully reduced and semiquinoid oxidation levels.
We consider this more extended classification to be a distinct advantage over the well-established but often misleading division into 'oxidases' for those flavoproteins that can use 0, efficiently and 'dehydrogenases' for those enzymes that cannot. It is obvious that all the enzymes of classes 1-4 catalyse dehydrogenation reactions; the more meaningful reaction to consider is therefore that leading to regeneration of oxidized flavin. This is taken care of in our classification scheme. Finally, one should point out the failure of the old system to deal with the flavodoxins. Here no dehydrogenation is involved, yet these proteins have often been referred to as 'dehydrogenases', simply because of their slow turnover with 0,.
Structure-function relationships offlavoproteins
It is evident that the richness of chemical reactivity of the flavin wenzymes exemplified in the above classitication, and which has been amply demonstrated in model studies (see Hemmerich, 1976; Bruice, 1976) , must in the case of flavoproteins be under strict control of the protein moiety. Just how this is brought about is obviously a matter of much interest and importance in understanding flavoprotein catalysis. Unfortunately we are only at the beginning of such an understanding, but, as we shall see, some exciting clues and possibilities have come to light. To a large extent our paucity of knowledge derives from the fact that most workers in this fleld have so far devoted their energies mostly in following the fascinating colour and fluorescence changes of the flavin during catalysis, and have spent comparatively little time on protein chemistry. Also, there is only a handful of flavoproteins where structural information is available from X-raydiffraction studies: flavodoxin (Burnett et al., 1974; Watenpaugh et al., 1972) , glutathione reductase (Schulz et al., 1978) and phydroxybenzoate hydroxylase (Wierenga et al., 1979) .
Although the data are limited, there are nevertheless some very interesting correlations of properties existing among the various classes of flavoproteins. These are listed below, and summarized in Table 1 .
Stabilization by the protein of the &vin radical. In free 'Iyanagi et al. (1974) ; 'Vermilion & Coon (1978) ; 'D. Oprian & M. J. Coon (personal communication) ; "Coon et al. (1972) ; " ; WMayhew et al. (1974) . solution. the flavin radical exists in very rapid equilibrium with its oxidized and fully reduced forms, with only a few percent of the total flavin being in the radical form (Gibson et al., 1962; Swinehart, 1966; Ehrenberg ef al., 1967): This results in a fair degree of thermodynamic destabilization of the radical, which is also rdected in the redox potentials of the two half-reactions, the E; of the first half-reaction, Fl,,./FlH', -0.240V, being lower than that of the second half-reaction, FIH'/FL. H,, -0.172V (Draper & Ingraham, 1968) .
In free solution the flavin radical also ionizes, with pK approx. 8.5, so that under physiological conditions either the neutral or anion radical could be expected as significant forms (Ehrenberg el al., 1967; Land & Swallow, 1969) :
2) The spectral characteristics of the neutral and anion radicals are quite different, as illustrated below. When bound to a protein, the stability of the flavin radical is generally enhanced, and either the neutral or the anion form is stabilized, over the whole pH range of stability of the enzyme. A rare exception to this is glucose oxidase, where either form is stabilized depending on the pH with the observed pK of 7.3 (Massey & Palmer, 1966; Stankovich el al., 1978) Fig. 1 shows the spectra of the two forms (Massey ef al., 1969a) ; similar spectra have been determined for free flavins by pulse radiolysis, where the absorbance of the rapidly produced radical can be measured before it has a chance to decay (Land & Swallow, 1969 Wavelength (nm) Fig. 1 . Spectra of neutral and anion flavoprotein radicals, as illustrated with glucose oxidase The red anion radical was formed photochemically under anaerobic conditions at pH9.2 (Massey & Palmer, 1966) . The blue neutral radical was produced instantaneously on lowering the pH to 5.8 with citric acid. [From Massey et al. (1969a) l. oxidized and fully reduced flavoprotein, and observe the formation of radical. However, such a process may be painfully slow, and observations extending over days may be necessary. The other type of stabilization that a protein might confer to the flavin radical is a kinetic one, which could be trivial. Given that a flavoprotein might be reduced to the radical state by an artificially enforced one-electron reaction, the only way it can escape from that state is to react with an electron acceptor. If the only acceptor available is another flavoprotein radical of the same kind, it is obvious that it may take a considerable time for the dismutation reaction of eqn. (1) to occur. In such cases the radical may be said to be kinetically stabilized. This situation is Vol. 8 frequently observed, especially when the radical is the anion form, where the repulsive effects of the negatively charged radical are more difficult to overcome. It is of course possible to observe both types of stabilization with a single protein, as has been documented with glucose oxidase (Stankovich et al., 1978) .
Inspection of the typical examples of Table 1 reveal that there are remarkable correlations within the various classes of flavoenzymes. Thus enzymes of the transhydrogenase group fail to display any thermodynamic stabilization of the radical by the protein. In the case of the C-C transhydrogenases, no radical stabilization of any sort has been observed so far. In the case of or no thermodynamic stabilization of the flavin radical at all, corresponds to low sulphite a h i t y . It is of course tempting to believe that this correlation has some common structural basis provided by the protein. Again, this point is taken up in a later section below.
Flat and bent corlformations of dihydrofavins. The work of Hemmerich and co-workers (Tauscher et al., 1973) has led to the deduction that, in free solution, dihydroflavin ( F L . ) is in a more or less bent configuration, with the degree of bending being enhanced by substituents in position 5 as well as by anion formation by deprotonation of position 1: P C-S and C-N transhydrogenases, blue neutral radicals have been reported, but these are only kinetically stabilized (Zanetti et al., 1968) . The N-N transhydrogenase, electron-transferring flavoprotein, exhibits a red radical (Whitfield & Mayhew, 1974) , but again this is only kinetically stabilized (V. Massey, unpublished work) .
On the other hand, the enzymes of class 2, the dehydrogenases/oxidases, uniformly show thermodynamic stabilization of the red (anion) radical. In contrast, the enzymes of class 3, the dehydrogenases/oxygenases, are remarkable in displaying little stabilization of any radical form.
Finally, the enzymes of classes 4 and 5, which are involved in obligatory one-electron-transfer reactions, almost uniformly appear to give thermodynamic stabilization of the blue neutral flavin radical. The only apparent exceptions to this generalization are with NADPH-adrenodoxin reductase, where no radical has been detected (Lambeth & Kamin, 1976) , and NADHcytochrome b, reductase, where the observed radical appears to be the anionic form (Iyanagi, 1977) .
It should be emphasized that this discussion of radical states should not be taken as indicating their importance or occurrence in the catalytic reactions of the various proteins. In fact it is only with class 4 and 5 enzymes that there is real evidence for the catalytic functioning of the radical state. Nevertheless it is important to learn about the radical-stabilizing properties of the various flavoproteins, because of the possible structural information that is implied. This point is developed more in a later section below.
Sulphite reactivity of Jlavoproteins. Free flavins have a low thermodynamic afinity for formation of flavin P-sulphite dducts (Miller & Massey, 1969): This degree of bending is in keeping with the fact that the central pyrazine ring, with its eight n-electrons, is in the planar state, an antiaromatic species of high energy. Thus the dihydroflavin state resists full planarization, especially if there is an additional full negative charge in the pyrimidine ring. Thus the spectrum of dihydrollavin reflects the degree of bending or puckering of the ring system, with the spectrum of the neutral species more closely approaching that of the planar state and the spectrum of the anion that of the bent (or so-called 'buttefly') configuration. The effect of the apoprotein might be either to hinder or enhance this bending, making it dimcult from the spectrum to tell whether the protein is stabilizing the neutral dihydroflavin or the anion form. The free solution spectra of these species are shown in Fig. 2 . The dilemma is well illustrated by flavodoxin, which in the reduced form has a spectrum typical of the neutral species, even at pH values where potentiometric studies have shown that the anion must exist . The explanation of this comes from X-ray-diffraction studies, where it is clear that the reduced flavin is maintained in an almost planar state (Ludwig et al., 1976) . Inspection of Table 1 reveals again a sharp distinction between oxidase flavoproteins and electrontransferases. The former all appear to maintain the dihydroflavin in a non-planar form whereas the latter maintain it in a more planar state.
Primary product of reaction of reduced Jlavoproteins wfth oxygeh. The reaction of 0, with dihydroflavins has been the subject of much study and speculation in recent years. The flnal section of the present review will try to offer a rational explanation for the different 0, reactivities of different flavoproteins. However, on a less speculative level it should be pointed out that the ditrerent classes of flavoproteins have R This low afinity for sulphite is shared by most protein-bound flavins. However, enzymes of class 2, the dehydrogenases/oxidases, have an abnormally high reactivity with sulphite, sometimes forming the N'-sulphite adduct with stoicheiometric concentrations of enzyme and sulphite (Massey et al., 19696) . Thus the thermodynamic stabilization of red flavin radicals coincides with high thermodynamic stabilization of the sulphite adduct, whereas the stabilization of blue radicals, different observed primary products of 0, reaction. With the flavoprotein hydroxylases of class 3 the primary product of reaction has been shown to be a flavin (?' -peroxide (Spector & Massey, 1972 : Strickland & Massey, 1973 Entsch et al., 1976) .
With the electron-transferases of classes 4 and 5 the first observed product of reaction between the reduced protein is 02-, and concomitantly the neutral flavin radical (Massey el The spectrum of the anion is typical of a bent structure; that of the neutral species is typical of a planar reduced structure.
[From Ghisla ef al. (1974) l.
no evidence of either 0,-or flavin radical has been observed; the primary product appears to be H,O, (Massey et al., 1969b) . From the limited data available, it would appear that the enzymes of class 1 (the transhydrogenases) may yield 0,-as the primary product of 0, reaction ( Table 1) .
Use of modViedflavins as active-site probes
Very early in the history of studies with flavoproteins it was recognized that in most cases, with suitable precautions, the flavin coenzyme may be removed without denaturing the protein. Thus Theorell (1935) was able to remove the flavin from Old Yellow Enzyme, and show that it differed in one important respect, the possession of a phosphate moiety, from the vitamin chain is present if the native flavin was FMN, or an FAD-like side chain if the native flavin was FAD. This feature of flavoproteins has been recognized for many years. One of the early and extensive uses of the principle was by McCormick and co-workers, who introduced many artificial flavins at the FMN level into yeast NADPH-cytochrome c reductase and at the F A D level into pamino acid oxidase (McCormick et al., 1964) . In both cases most of the artificial enzymes had significant catalytic activity. McCormick and colleagues have more recently reported on similar studies with pyridoxamine 5-phosphate oxidase (Merrill et al., 1979) .
Other early applications of the principle were by Veeger and co-workers (Visser et al., 1968; Visser & Veeger, 1970) with lipoyl dehydrogenase and by Tollin and co-workers (D' Anna & Tollin, 1971; Edmondson & Tollin, 1971a,b,c; Edmondson et al., 1972 with flavodoxins. These early studies were hampered by severe technical difficulties; although most of the flavins used were more or less readily available at the riboflavin level, their conversion into the enzymically significant FMN or F A D level was quite another matter, requiring, in general, difficult chemical synthesis, and requiring time-consuming purification of the products. In the case of FMN-level analogues, limited use could be made of a broad-specificity flavokinase from liver, which was found to phosphorylate a number of riboflavin analogues (McCormick et al., 1963) . Some of these could also be taken to the FAD level by a liver FAD synthetase (DeLuca & Kaplan, 1958; . The real breakthrough in the use of artificial flavins for enzyme mechanism studies came with the discovery of a flavokinase/FAD synthetase system in Brevibacterium ammoniagenes, which was found to phosphorylate and adenylate almost any artificial flavin presented to it . Walsh and his colleagues developed a purification procedure that appears to be widely applicable (Spencer et al., 1976) ; other methods for separation of FMNand FAD-level flavins that have been used employ FMN-or FAD-specific affinity columns (Mayhew & Strating, 1975; Massey & Mendelsohn, 1979) .
One of the flavin analogues that has received much attention as a replacement for the native FMN or FAD is 5-deazaflavin [see Hemmerich et al. (1977) and Walsh (1978) for reviews]: B riboflavin that had just been isolated and characterized by the research teams of Paul Karrer and Richard Kuhn (for an account of much of this work see the review by Beinert, 1960) . The important feature of Theorell's work was that the enzymically inactive apoprotein could be reconstituted to the catalytically functional holoenzyme by incubation with the flavin originally present (FMN, or flavin mononucleotide) but not by riboflavin or by the later identified coenzyme FAD. Since that time, most flavoproteins have been successfully resolved into free flavin and apoprotein. [The group of flavoproteins containing covalently bound flavin (see Edmondson & Singer, 1976 : Hemmerich, 1976 ) are obvious and unfortunate exceptions.) From numerous studies it has become obvious that, in addition to the native FMN or FAD, apoproteins will bind a wide variety of flavins modified at various positions in the isoalloxazine ring system. Such studies indicate that the chief factor concerned in flavin-protein binding appears to be the nature of the substituent at the N-10 position. Most modifications of the ring system are tolerated provided that a ribityl phosphate side Enzymes with 5-deazaflavin replacement have been found to be reducible by their specific substrates, although at rates generally several orders of magnitude slower than the native enzyme. Because the carbon atom at position 5 does not exchange protons with solvent, unlike the nitrogen atom of native flavin, it has been possible to demonstrate direct hydride transfer from substrate to position 5 of 5-deazaflavin. Although this has commonly been taken as evidence for the same reaction with native flavin, it should be emphasized that 5-deazaflavin is better regarded as a nicotinamide model than a flavin model, and that its presence at the catalytic site of a flavoprotein may impoJe mechanisms typical of nicotinamide nucleotides rather than flavins (Hemmerich et al., 1977) . Certainly it behaves analogously to dihydronicotinamides in its reduced state, being very inert to molecular 0,. It is noteworthy that a 5-deazaflavin derivative has recently been identified as a natural product, the factor F-420 of anaerobic methane-producing bacteria (Eirich et al., 1978; Ashton et al., 1979) .
A more promising deazaflavin, retaining most chemical 
? H
This flavin has been incorporated into a number of enzymes, with interesting mechanistic conclusions or implications (Spencer et al., 1977b) . 1-Deaza-FAD-reconstituted glucose oxidase has a turnover number approximately one-tenth that of the native enzyme; this lower activity has been ascribed as being probably due to a thermodynamically more unfavourable reduction by substrate, owing to the lower redox potential of 1-deazdlavin (Eh=-O.28OV) than that of normal flavin (E; = -0.208V) (Spencer er al., 1977~) . On the other hand, ldeaza-FAD-reconstituted amino acid oxidase has the same turnover number as native enzyme, with a number of amino acid substrates (Spencer et al., 1977b) . This is good supportive evidence for the previous conclusion that the rate-limiting step in catalysis with this enzyme is the physical release of product (Massey & Gibson, 1964; Porter et al., 1977) .
Perhaps the most exciting results so far obtained with this flavin analogue have been with flavoprotein mono-oxygenases. 1-Deaza-FAD-reconstituted p-hydroxybenzoate hydroylase behaves in many respects like the native enzyme, including modulation of the rate of reduction of the enzyme flavin depending on the presence of the aromatic substrate. The reduced enzyme-substrate complex reacts rapidly with 0, to form a C.-peroxide, in an analogous fashion to native enzyme: H However, there the similarity stops. Whereas in the native enzyme the C'-peroxide undergoes a series of reactions leading to hydroxylation of the substrate (Entsch et al., 1976) , these reactions appear not to be possible in the Ideaza-FAD enzyme; and the C"-peroxide breaks down to yield H,O, and oxidized 1-deaza-FAD enzyme (Entsch et al., 1979) . Thus the artscial enzyme is not capable of carrying out the normal catalytic hydroxylation reaction; instead it catalyses the p-hydroxybenzoate-stimulated oxidation of NADPH.
Although not yet investigated in such detail, a similar inability to carry out hydroxylation reactions is exhibited by 1-deaza-FAD-substituted orcinol hydroxylase (Spencer et al., 1977b ) and melilotate hydroxylase (L. M. Schopfer & V. Massey, unpublished work) . On the other hand, 1 -deaza-FAD-reconstituted cyclohexanone mono-oxygenase is a fully competent enzyme . These results suggest, at the least, different mechanisms of 0, activation in the case of cyclohexanone mono-oxygenase and the aromatic hydroxylases, in keeping with the nucleophilic nature of the 0, attack in the former case and of an electrophilic attack in the latter (Entsch et al., 1979) .
Another good illustration of the use of artificial flavins to provide information not readily available with the native enzyme comes from work with Old Yellow Enzyme. This protein was found to exist naturally in a green form, due to formation of a complex with p-hydroxybenzaldehyde (Matthews variety of aromatic and heteroaromatic compounds, whose one common feature was an ionizable hydroxy group. The spectral properties of these complexes were consistent with the concept of charge-transfer interaction between phenolate anion as donor and enzyme-bound oxidized flavin as acceptor. Definitive evidence for this concept was obtained by studying the effect of different phenols on the position of the long-wavelength band, with native enzyme and with enzyme reconstituted with eight merent flavins (Abramovitz & Massey, 1976) . There was a consistent change of the absorption maximum of the phenolate complexes to longer wavelengths (lower energy) as the redox potential of the artificial flavin was made more positive. Furthermore, as shown in Fig. 3 . The large majority of known flavcenzymes contain noncovalently bound FAD or FMN as the prosthetic group. Another sizable group of enzymes contain flavin covalently linked to the protein, generally via the 8-methyl group, in the Roseoflavin is a red flavin that was isolated from the culture medium of Sfrepfomyces sp. (Kasai ef al., 1975) . The 6-hydroxflavins (Mayhew el al., 1974) and 8-hydroxyflavins were isolated as minor constituents of enzymes produced by the anaerobic organism Megaspkera elsdenii; 6-hydroxy-FMN was also found associated with pig liver glycollate oxidase. They have been suggested as possible active-site probes of flavoproteins because of the characteristic large spectral shifts associated with ionization and the contribution of benzoquhoid species particularly in the anion. The spectra of the neutral and anion forms of 6-hydroxyriboflavin are shown in Fig. 4 . Mayhew et al. (1974) have shown the pK of 7.1 to be associated with the tautomeric and mesomeric forms shown below:
form of 8-a-histidyltlavin or of 8-a-cysteinyltlavin (for a review see Edmondson & Singer, 1976) . More recently linkage to the protein through position 6 of the flavin (6-cysteinylflavin) has been found in the case of trimethylamine dehydrogenase (Steenkamp et al., 1978a,b) . It is noteworthy that these modillcations of the flavin are all in the xylene moiety. This is particularly interesting since three other naturally occurring 
8-Hydroxyllavin
Evidence was adduced that the predominant form in free solution of the neutral species was the yellow tautomer, A, and that the green colour of the anion was due to the predominance of the mesomeric structure D.
Similar behaviour was found on ionization of 8-hydroxyflavins, where the free-solution pK was found to be pH4.8, and 
Fig. 4. Spectra of the neutral and anion forms of B-kydroxyriboflavin
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where again the predominant form of the anion had a benzoquinoid structure : group suitably positioned towards the 8-position of the flavin, reaction will occur and the resulting 8cysteinylllavin (note that
R R
The spectra of these forms is shown in Fig. 5 . In studies with 8-hydroxyflavins bound to various apoproteins, it was observed that flavodoxins bound preferentially the neutral form (perturbing its pK to approx. 6.1) whereas D-amino acid oxidase and lactate oxidase bound preferentially the anion form. As there was considerable evidence of the catalytic importance of positively charged protein residues with the latter enzymes, it was suggested that the stabilization of the anion form of 8-hydroxyflavin might be associated with such a protein residue being located in the vicinity of the N-1-C-2a region of the flavin . This concept has proven very useful, and provided some very exciting new ideas of how the apoprotein might direct the versatile chemistry of the flavin coenzymes along a specific route, with the recent development of 8-chloroflavins and 8mercaptoflavins as active-site probes for flavoproteins (Moore el al., 1978 (Moore el al., , 1979 Massey el al.. 1979~) . It was found that 8-chloroflavins (or 8-bromoflavins) undergo facile nucleophilic displacement reactions with thiolate anions to form highly absorbing 8-mercaptoflavins (Fig. 6): this is not the same as 8-acysteinylllavin) will be covalently bound to the protein. Such a reaction occurs with lipoyl dehydrogenase (Moore et al., 1978) and the electron-transferring flavoprotein of Megasphera elsdenll (V. Massey, unpublished work) . If no such reaction occurs, the accessibility of the 8-chloro residue in the protein-bound state can be determined by whether the displacement reaction with thiolate ions still occurs. This reaction occurs slowly with 8-chloro-FMN flavodoxin, in keeping with the known exposure to solvent of the xylene moiety of the flavin, as determined from X-ray ditrraction studies (Bumett el al., 1974). In a number of proteins there is no reaction of thiols w i t h the 8-chloro substituent, indicating that this portion of the flavin is buried (glucose oxidase, lactate oxidase). On the other hand, a number of 8-chloroflavinsubstituted enzymes react readily with thiols, indicating that the xylene moiety of the flavin must be freely exposed to the solvent (mamino acid oxidase, melilotate hydroxylase, p-hydroxybenzoate hydroxylase, oxynitrilase, Old Yellow Enzyme).
In analogy with the 6-hydroxy-and 8-hydroxy-flavins, 8-mercaptoflavins can exist in a mixture of tautomeric and Wavelength (nm) Fig. 7 . Spectra of the red, 'thiolate' and blue 'benzoquinoid' stabilized structures found for 8-mercaptoflavoproteins (see Table 1 ) 8-Mercapto-flavodoxin is typical of the thiolate form and 8-mercapto-(~-amino acid oxidase) is typical of the benzoquinoid farm.
The results of a survey of various flavoproteins substituted with 8-mercaptoflavins are shown in Table 1 . A remarkable correlation is found among the various classes of flavoproteins, particularly that the oxidases stabilize the blue benzoquinoid form of 8-rnercaptoflavh1, along with the already noted properties of the native enzymes, of stabilization of the red semiquinone, the dihydroflavin anion and the flavin N'mlphite adduct. On the other hand the electron-transferases, which stabilize the blue neutral semiquinone and the neutral or flat dihydroflavin of the native flavin, all seem to favour the red 8-thiolate anion form of 8-mercaptoflavin. In these classes of flavoproteins the 8-mercaptoflavin is also readily reducible to a semiquinoid state, a property that is not shared with the blue 8-mercaptoflavoproteins (Massey et al., 1979~) .
These results suggest very strongly that there are common structural features in each class of flavoprotein, and that these common features determine the type of reaction catalysed: whether the reduced flavoprotein can react readily with 0,, and the type of products formed, the type cf semiquinone stabilized, whether or not a sulphite adduct is formed and whether the red 8-thiolate form of 8-mercaptoflavin is stabilized or the blue benzoquinoid form.
The structure of the blue neutral radical has been shown to be due to blocking of the N-5 position by either alkylation or protonation (Muller et al., 
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In flavoenzymes the blue neutral radical might reflect a strong hydrogen bridge between the protein and the flavin position N-5. The recent structural elucidation of flavodoxin by X-ray crystallography has provided direct support for this hypothesis; with the blue semiquinoid form of flavodoxin from Clostridium M.P. the N-5 position of the flavin is withii hydrogen-bonding distance of a carbonyl residue of the protein polypeptide chain (Ludwig et al., 1976) . The zwitterion structure shown above is probably the predominant neutral radical species, in view of the great dependence on solvent of the spectra of the blue radical of N5-alkyMavins (Muller et al., 1972) .
Various proposals have been put forward for the electronic structure of the red flavin radical. Hemmerich has in fact suggested that there may be two types of red flavin radical (Hemmerich, 1976; Hemmerich & Massey, 1979) . The true anion is envisaged as being stabilized by hydrogen-bonding from the protein to the radical anion with its negative charge localized in the N-l-C-2=0 position. An alternative red neutral radical can be envisaged by hydrogen-bonding from the same locus to a hydrogen-bond acceptor in the protein. The evidence for this interesting suggestion comes from the spectra of 02-alkylated flavins in their radical state (Hemmerich, 1968) : Table 1 are extremely suggestive. Without exception, the expected correlation is observed. The significance of this correlation is emphasized by the fact that, in all cases so far tested, those proteins that stabilize the blue benzoquinoid form of 8-mercaptoflavin also stabilize the green benzoquinoid form of 6-hydroxyflavin: The mechanistic relevance of these observations lies in the fact that the above sequence would parallel the catalytic event involving attack of a substrate carbanion at the N-5 position to form a flavin N-5 covalent linkage to the substrate. Such an intermediate has been demonstrated recently in the reaction of lactate oxidase with the substrate glycollate (Massey et al., 19796; . It is therefore tempting to speculate that a hallmark of flavoenzymes operating via carbanion mechanisms is the ability to stabilize a red tlavin radical and to form a flavin N5-sulphite adduct. It should be noted that a protein hydrogen-bond acceptor, though capable of stabilizing the hypothetical red neutral radical, would not be expected to promote the inductive effect of sulphite addition, offering a possible explanation of why some flavoproteins that stabilize red radicals do not form sulphite adducts [e.g. putrescine oxidase (DeSa, 1972) and Old Yellow Enzyme (Massey et al., 19696) l. These might be examples of neutral red radicals. However, trivial reasons, such as a negatively charged protein residue repelling approach of the sulphite ion, or steric inaccessibility, could of course be responsible for failure to form a sulphite adduct. Clearly some other methods are also required to help answer these questions. One such method is that of photochemical reduction catalysed by Sdeazaflavins. The active principle in this technique is the highly reactive low-potential 5-deazaflavin radical (Massey & Hemmerich, 1978) . With pK approx. 5 (Duchstein et al., 1979) , this species at alkaline pH would be expected to be effective in reduction of flavoproteins to either the neutral or anion radical state, but, because of charge repulsion, would be inefficient in reduction of true anionic flavoprotein radicals. In this connection it is noteworthy, that although this photochemical technique is very efficient for reduction of the electron-transferases through the blue neutral radical to the fully reduced state, the photoreduction of enzymes of the oxidase class stops abruptly at the stage of the red radical (Massey & Hemmerich, 1978) . As these same enzymes also form sulphite complexes readily, it would seem safe to ascribe the red radical to the anion form (e.g. D-amino acid oxidase, L-amino acid oxidase, lactate oxidase, glucose oxidase). Signitlcantly, Old Yellow Enzyme is reduced photochemically to a red radical state, but continued irradiation in the presence of 5-deazaflavin catalyst results in conversion into fully reduced enzyme (Massey & Hemmerich, 1978) . Hence the possibility is real that this is a case of a red neutral radical.
Injluence of the protein on oxygen reaction with reduced flavins
The concept of distinctive flavin-protein interactions in the various classes of flavoproteins raises interesting possibilities in explaining the differential reactivity of 0, with various flavoproteins. In the case of flavoprotein hydroxylases (Spector & Massey, 1972; Strickland & Massey, 1973; Entsch eta[., 1976) and with bacterial luciferase ( Such a C'-peroxide, however, would be destabilized by the existence of protein interaction with the N-1-0-2 a locus which would favour formation of a CIoa-peroxide:
It is thus attractive to speculate that enzymes of classes 4 and 5, the electron-transferases, which all stabilize blue neutral radicals and therefore would have protein interactions with the N-5 hydrogen atom, react with 0, to form the C1-peroxide (Massey & Hemmerich, 1976; Hemmerich & Massey, 1979) . By homolytic cleavage this species then yields 0,-and the stabilized blue flavoprotein radical, in keeping with the behaviour observed of enzymes of these two classes (Massey et al., 1969b,c) .
Enzymes of class 2, the oxidases, presumably react with 0, to form the C1ol-peroxide. In these cases the preferred route of breakdown of the intermediate would appear to be a heterolytic cleavage to yield H,O, and oxidized flavin, especially if the negative charge on the flavin was localized at the N-1 position (Hemmerich & Massey, 1979) . This concept is in keeping with failure to detect either 0,-or flavin radical with this group of enzymes . Attention should be drawn again, however, to Old Yellow Enzyme. This enzyme is anomalous among the red-radical flavoproteins in yielding 0,-as a product of reoxidation. Perhaps this is associated with the red radical in this case being a neutral radical, as discussed in the previous section.
Unfortunately not enough examples of enzymes of class 1, the transhydrogenases, have been studied along the lines summarized in Table 1 to permit any meaningful generalizations. However, one can speculate, that, since this class deals exclusively in catalysis with two-electron transfers, structural features leading to flavin radical stabilization would be counterproductive from a catalytic viewpoint. In keeping with this idea, no thermodynamic stabilization of radicals seems to occur with enzymes of this class ( Table 1) . It should be emphasized that the stabilization of a particular radical form does not necessarily imply the catalytic involvement of radicals. Although radical involvement is the case with the blue radicals of class 4 and class 5, the stabilization of the red anion radicals by class-2 enzymes would appear to be a by-product of a structural feature designed for acother purpose. Thus the provision by the protein of a protonated base in the vicinity of the flavin N-1-0-2a locus, which would play an important role in promoting attack of a carbanion to the flavin position N-5, also results in the stabilization of an anionic flavin radical when the enzyme is treated with artificial one-electron reductants. In none of the enzymes of this class is there any experimental evidence for radical intermediates in catalysis.
Finally, we are left with the tantalizing question of the mechanism of oxygen activation by class-3 enzymes, the mono-oxygenases. As already discussed, the primary product of reaction with 0, in these cases is the flavin C"-peroxide. Thus one might expect that these enzymes have in the reduced state, hydrogen-bonding interactions from the N-5 hydrogen atom to the protein, so that the @*-peroxide structure would be favoured (Hemmerich & Massey, 1979) . In keeping with this idea, the published spectra of the reduced enzymes of this class are typical of neutral dihydroflavins . However, subtle modulations of the flavin reactivity by the protein must now be exerted, in order to avoid the homolytic cleavage to flavin radical and 0,-that is observed with the electrontransferases but not with the flavoprotein hydroxylases. Hemmerich & Wessiak (1976) favour a mechanism involving a protein conformational change, with a resulting migration of the peroxide function to the flavin C-lOa position (stabilized by different protein interactions), with the 0, transfer to substrate coming from a ring-opened form of the flavin peroxide. We have proposed previously (Entsch et al., 1976) another mechanism, also involving ring-opening of the flavin, but from the C4.-peroxide, in analogy to a proposal made earlier by Hamilton ( 1974) . With p-hydroxybenzoate hydroxylase, two more intermediates beyond the first-formed C"-peroxide have been characterized spectrally (Entsch et a[., 1976) , so it is clear that the overall reaction is quite complex. The failure of the 1-deaza-FAD-substituted enzyme to support hydroxylation, even though the primary 1-deaza-FAD 0.-peroxide is formed (Entsch et al., 1979) , provides a good example of the ways in which synthetic flavins may be employed for investigations of reaction mechanisms.
Conclusions
A recent paper lists more than 20 ring-modified flavin derivatives, many of them reported for the first time, and some preliminary accounts of their reactivity in enzyme systems . With many of the available derivatives having absorbance and fluorescence properties quite different from those of FMN or FAD, and with distinctively different spectra of their N-5, C-4a and C-lOa derivatives, coupled with the possibility of changes in rate-limiting steps, it is highly likely that such 'artificial' flavoenzymes will yield mechanistic information far beyond that possible with the native enzymes alone. 'The most effective way of finding out how any complex mechanism works, for example a stop-watch, is first to take it to pieces and to study the isolated parts separately; and after this to see how they fit together, and how they are connected functionally; and finally to reassemble them, building up the trains of wheels and so on, until the mechanism is complete'.
This is exactly what has happened in immunology. To find out how the immune system operates, over the last 20 years, immunologists have started to examine the workings of individual cell types. Although there is still much to learn about molecular events, we are starting to build up again the whole immune system, consisting of many lymphoid-cell subpopulations and accessory cells linked together functionally, just as in multienzyme systems. And every year new findings have to be fitted into the jigsaw puzzle.
Lymphoid cells are the central cells in the recognition of antigens, and their subpopulations vary in their differentiation and maturation pathways and function. The major subdivision is between B-(bursa or bone-marrow-derived) cells, which mature into antibody-secreting cells, and T-(thymusderived) cells, which also originate in the bone-marrow, but are 'educated' in the thymus (a type of 'boarding school') where they learn to recognize not only antigen but also cell-surface proteins coded for by the major histocompatibility gene complex (MHCf) (H-2 in mice, and HLA in man). Table 1 shows the specificity of the resulting killer cells for syngeneic cells infected with any of the type-A viruses varying in neuraminidase or haemagglutinin, but not for type-B-virus or -A-virus-infected cells from another strain of mice. T-cell killing is assayed by counting the amount of "Cr released from "Cr-labelled infected target cells (Fig. 2) .
We wished to know which of the viral proteins is being recognized by the T-cells in contrast with B-cells, which produce antibodies directed against the variable parts of the surface glycoproteins. A possible candidate is the internal matrix (M) protein of influenza, shared between all the type-A viruses. It was estimated that large numbers ( 10s-106) of M-protein were expressed on the cell surface of infected cells, since antisera to M-protein from hyperimmunized rabbits caused C'-mediated lysis and bound to infected cells (Biddison et al., 1977 ; Ada & Yap, 1979 ). However, our own studies leave some doubt as to recognition of viral M-protein by the killer cells. Two pieces of evidence would argue against this:
(1) We selected a hybrid cell line forming monoclonal antibodies to M-protein by fusing X63-P3-Ag8 drug-sensitive myeloma cells with spleen cells from mice immunized with purificd M-protein as described by Kohler & Milstein (1975) .
This IgG,, antibody could be purified, radiolabelled with 1251, and the equilibrium binding of antibody (at various concentrations) to cells infected with A-type influenza virus was assayed. We detected only 102-103 M-protein sites on cells Vol. 8
